The wavefront aberrations in a large-scale, flash-lamp-pumped, high-energy, high-power glass laser system can degrade considerably the quality of the final focal spot, and limit severely the repetition rate. The various aberrations induced on the Laboratoire pour l'Utilisation des Lasers Intenses (LULI), laser facility (LULI2000) throughout the amplification are identified and analyzed in detail. Based on these analyses, an optimized procedure for dynamic wavefront control is then designed and implemented. The lower-order Zernike aberrations can be effectively reduced by combining an adaptive-optics setup, comprising a bimorph deformable mirror and a four-wave lateral shearing interferometer, with a precise alignment system. This enables the laser chain to produce a reproducible focal spot close to the diffraction limit (Strehl ratio ϳ0.7). This allows also to increase the repetition rate, initially limited by the recovery time of the laser amplifiers, by a factor of 2 (one shot per hour). The proposed procedure provides an attractive alternative for dynamic correction of the wavefront aberrations of a laser facility as complex as the LULI2000.
Introduction
For high-energy-density physics research, such as thermonuclear fusion and astrophysics laboratory experiments, continuous improvements of the performance of laser systems are required. By either increasing the delivered energy as for the Le laser Mégajoule (LMJ) and National Ignition Facility (NIF) projects [1, 2] or reducing the pulse duration using femtosecond front ends [3, 4] , petawatt range has nowadays been reached. In such lasers, largescale, flash-lamp-pumped rod or disk amplifiers are used as high-energy amplification stages. However, the thermal loading in these large-size optical components dramatically degrade the quality of the laser beam and thus decrease its focusability. Moreover, the shot repetition rate is severely limited by the dissipation time of the heat loaded on the laser glasses; usually it is of a few hours at the kilojoule energy level. To overcome this difficulty, wavefront correction systems using a deformable mirror (DM) integrated in the laser chain have been developed [5] [6] [7] [8] .
We report in this paper results on the dynamic wavefront control of the LULI2000, which is a Nd 3ϩ : phosphate laser system having the ability to work in the chirped pulse amplification regime to reach petawatt level. It delivers pulses of kilojoules in the nanosecond range at the wavelength of ϭ 1053 nm. The amplification section of this facility consists of two large-scale, flash-lamp-pumped glass chains, each of which contains more than 100 optical components. The design of a wavefront correction system of such a complex laser system first requires analyzing the origin of each aberration.
The wavefront aberrations of the LULI2000 facility are classified mainly in three categories. The aberrations of the first category result from static 0003-6935/08/050704-07$15.00/0 © 2008 Optical Society of America imperfections of optical elements and beam misalignment. The second category concerns the aberrations due to thermal tilt. The third category groups together all the remaining thermally induced aberrations. Such a classification takes into consideration some coupled effects. For example, the coma aberrations can result from beam misalignment when the chain is "cold." They can also be induced by thermal tilt when the chain is in a sequence of shots. As will be discussed, their correction is different from those of the other thermal aberrations. To reduce effectively all the Zernike aberrations, we have associated an adaptive-optics (AO) system, based on a bimorph DM and a fourwave lateral shearing interferometer, with a precise alignment procedure before each full-energy kilojoule shot. With such a system, the LULI2000 facility is capable of producing a reproducible focal spot close to the diffraction limit (Strehl ratio ϳ0.7) while increasing at the same time its repetition rate by a factor of 2 (one shot per hour). In Section 2, we will present the detailed analysis of the origins of the different aberrations in our chain. In Section 3, we will discuss the solutions for reducing these aberrations and present our optimized procedure. Results will be given in Section 4. We will conclude in Section 5.
Aberration Analysis of the LULI2000 Laser System
The amplification section of the LULI2000 consists of two independent optical chains with flash-lamppumped Nd 3ϩ : phosphate amplifiers. Each is composed of four sequential amplification stages, with different aperture diameters (50, 94, 150, and 208 mm respectively; see Fig. 1 ). The first stage consists of three rod amplifiers while the other three stages use disk amplifiers. The two chains are seeded by a common nanosecond oscillator and deliver ϳ1 kJ pulses. Alternatively, one of these two chains can also be seeded by a chirped pulse to reach the petawatt power level after compression.
As has been mentioned in the introduction, wavefront aberrations can be classified in three categories: (1) static aberrations intrinsically linked with the quality of each optical component, its mounting, and with the alignment accuracy of the optical element with respect to the laser axis, (2) aberrations due to thermal tilt, and (3) all the remaining aberrations induced by thermal effect. These aberrations can be easily characterized by measuring the spatial-phase deformation of the laser beam with a wavefront sensor or by observing the evolution of the focal spot with a far-field camera. We have set a four-wave lateral shearing interferometer (SID-4) developed by PHASICS [9] at the chain output for wavefront characterization. It has a large achromatic range ͑400-1100 nm͒, an excellent transverse resolution (30 m, 160 ϫ 120 points), a high accuracy [͞100 rms (rms: root-mean-square)] and a high stability ͑͞500 rms͒. Such specifications adequately fulfill our requirements.
We use the Marechal criterion [10] to evaluate the degradation of the Strehl ratio R s . Thus, for a small wavefront distortion ͑ 2 Ͻ Ͻ 1͒ relative to a rigorously stigmatic system, R s can be written as
where and w are, respectively, the rms phase and wavefront aberrations with respect to a perfect wavefront. In the following, we will give the characteristics of each aberration.
A. Static Aberrations
The static aberrations (category 1) are characterized when the chain is cold, i.e., before the first shot takes place. The LULI2000 amplification chain is built up of more than 100 optical components. Before implementation, the optical quality of each element was tested separately by a ZYGO interferometer. For each, the measured transmitted or reflected wavefront deformation (depending on if it is a transmissive or reflective optical component) is found to be less than or equal to ͞4 peak-to-valley (PtV) and 0.025 rms at ϭ 1053 nm. At the end of the chain, the total measured PtV cumulated wavefront distortion is approximately 0.5 and the total rms is approximately 10 times smaller. The Strehl ratio R s amounts then to 0.9. The chain is "misaligned" when the beam axis does not perfectly coincide with the well-defined axes of the optical components (especially lenses). A semiautomatic procedure is used for alignment of the LULI2000 chains: it is performed by centering the laser beam on alignment targets (crosshairs) for each amplification stage. The accuracy is typically 2% of the corresponding beam diameter. In parallel, beam pointing of each section is controlled by a far-field camera. The accuracy is different along the chain, depending on pupil conjugations. It is ϳ3 rad at the chain output. 
B. Thermally Induced Aberrations
The thermally induced aberrations (categories 2 and 3) result from the thermal load induced by the flashlamp light absorbed in the amplifying rods and disks as well as in their claddings. Xe-flash-lamps have a broad spectrum [11] , while the absorption by the doping element Nd 3ϩ has a narrow line spectrum. The host material and its cladding around an amplifying disk absorb light especially in the UV and IR [12] . Heat absorption induces local dilatation and mechanical stress in glass, and thereafter photoelastic effects such as birefringence and local change of refractive index. Wavefront aberrations generated by thermal gradients can be distinguished in two classes: the so-called pump-shot aberrations, appearing instantaneously during a shot due to nonuniformity of heat deposition from pump light, and the aberrations induced by thermal relaxation during the following hours.
Thermal Effect During and After a Single Shot
To evaluate the pump-shot aberrations, we measured the wavefront of a full-energy shot. Complementarily, to study the thermal relaxation aberrations we measured, using the 10 Hz alignment beam as a probe, aberrations after a full-energy kilojoule shot and during the several hours of the thermalization. We have observed that the pump-shot aberrations are much lower than the thermal relaxation aberrations. This leads us to focus on correcting the thermal relaxation aberrations. Figure 2 illustrates the typical evolution of the peak wavefront distortion as a function of time. Three zones in this figure can be clearly distinguished: the distortion increases rapidly during ϳ10 min and then decreases during 50 min owing to the active cooling effect. After 1 h, the wavefront varies very slowly. As a result, a recovery time of at least 3 h is needed before a complete relaxation of thermal aberrations. This severely limits the repetition rate of the LULI2000 laser system, which will be analyzed in the following. Of course, the cooling efficiency depends strongly on the cooling system used.
On the LULI2000 chains, rod amplifiers are cooled by water circulation running without interruption. Compressed air at 80 millibars is fed into the diskamplifier boxes during 20 min immediately after a shot, and then N 2 gas flows for ϳ6 min.
The main thermal aberrations, measured during the recovery time, are defocus and astigmatism (Fig.  3) . Concerning the defocus aberration, as time increases, the beam wavefront evolves from flat to divergent during 45 min, then becomes convergent. It evolves to flat again at least 3 h after the shot. A strong astigmatism of 0°has been measured at the chain output. Astigmatism can be produced both in rods and disks under the following circumstances. It appears (a) when the laser beam is repolarized after passing through a birefringent rod; (b) if a spherical wavefront propagates in the amplifier disks that are set up at Brewster angle; and (c) if the disks behave as a cylindrical lens under thermal stress. To understand the proper origin of this aberration, we performed the wavefront measurements separately in rod and disk amplifiers. The experimental result shows that astigmatism generated following (a) and (b) is negligible. However, it is induced in disks due to the existing strong thermal gradient between the center and the edges of the disks. A thermal cylindrical lens is therefore generated, as analyzed in (c).
It is important to note that thermal effect can also induce other aberrations. For example, during the thermalization time, a thermal tilt induces a shift of the beam axis, which gives rise to coma aberrations. This appears even if the chain is initially well aligned. If, in addition, beam misalignment occurs before a shot, coma aberrations after this shot will be intensified. We simulated this effect by introducing a small axis error in the vertical direction Y, in a particular plane at the chain input. This plane is one of the image-relay planes in the chain and is imaged by the lenses of spatial filter from one amplification stage to the next, until it arrives at the entrance plane of the SID-4. In Fig. 4 thermal tilt (square) and was generated by both thermal tilt and misalignment before shot (circle). These two evolutions are correlated. This is an important result because that means beam realignment before each shot can indeed reduce the residual thermally induced tilt and coma aberrations. It is for this reason that they are classified separately from the other aberrations induced by thermal effect.
Cumulative Thermal Effect
When the laser chain operates in a sequence of shots, cumulative thermal effects further degrade the laser wavefront. To characterize its influence on the repetition rate, we carried out a sequence of five fullenergy kilojoule shots with two different repetition rates. The wavefront as well as the far-field pattern were recorded immediately before a next shot. The bottom curve in Fig. 5 illustrates the measured wavefront distortion with a duty cycle of a shot every two hours. We see that the wavefront distortion increases due to heat accumulation during the sequence, and that with this shot repetition rate, a distortion of 1.6 is accumulated after the fifth shot. By reducing the duty cycle to a shot every hour, this effect is intensified. As a result, the wavefront peak distortion amounts, after the fifth shot, to more than 3 (see the upper curve in Fig. 5 ). The focal spot measurement performed during these two shot sequences shows that the wavefront distortion is directly responsible for the dramatic deterioration of the focal spot quality on the target, and that this degradation worsens in time if the delay between two successive shots is too short. The repetition rate of the LULI2000 facility is compromised by the laser wavefront quality (relative to the thermal relaxation time) and laser operation effectiveness. Typically, four shots in a day are available with one shot approximately every two hours. Even so, the laser wavefront is degraded during the day under cumulative thermal effect, as shown by the bottom curve in Fig. 5 .
Optimization of the Wavefront-Control System
In Section 2, we identified the origins of the different dominant aberrations, each of which contributes to the degradation of the wavefront and to the limitation of the repetition rate. This study enabled us to adopt an optimized procedure for our wavefrontcontrol system. It is characterized by precise beam realignment between two successive shots and an AO closed-loop operation. Its main features are as follows. (1) We perform a beam alignment before the first shot, so that the aberrations of the first category are reduced to a minimum. The AO system is also activated at this stage. This way, the residual wavefront error is reduced from 0.5 to 0.2 PtV. (2) To correct the aberrations of the second category, which appear between two successive shots, beam pointing and centering are checked and readjusted systematically with the semiautomatic alignment system before a next shot. This way, thermally induced tilt and coma are minimized. (3) The correction of the aberrations of the third category, which are generated by thermal effect, is made by the AO system.
We use a bimorph DM with 32 actuators distributed on three rings [13] . It has a large aperture (diameter of 100 mm) and a high damage threshold. The applied voltages on the actuators range from Ϫ300 to ϩ300 V, corresponding to a dynamics for wavefront correction of more than 6. To calibrate the mirror, we measure the wavefront deformation induced by each actuator. Thirty-two phase-map influence functions are obtained by applying a voltage of 150 V to each of them one after another. These 32 phase maps are then projected on a polynomial basis composed of 32 Zernike polynomials. We generate the so-called linear-response matrix B. Its columns are the result of these projections. To evaluate the capacity of this DM, we performed a singular-value decomposition (SVD) of the matrix B [14] . After this decomposition, B can be written as
where U and V are in our case 32 ϫ 32 orthogonal matrices whose columns represent the mirror modes. U contains the phase maps and V the corresponding command sets. ⌳ is a diagonal matrix whose maximum 32 nonzero elements give the singular values. The larger the singular values, the more responsive the DM to create a mode. The first deformation modes of the DM are the defocus, the astigmatisms 45°and 0°, and the comas 90°and 0°. It follows that all the dominant aberrations that appear in our chain can be decomposed readily on this basis and then dealt with separately.
The DM was placed between the second and the third amplification stages and was associated with the SID-4 wavefront sensor located at the chain output, as shown in Fig. 1 . The measurement and correction planes have to be optically conjugated to each other in order to have a linear response between them. The correction loop was applied using a lowenergy 10 Hz pulsed beam ͑ ϭ 1053 nm͒. The wavefront error is defined as the difference between the measured aberrated wavefront and a reference, which is a flat wavefront in order that its far-field intensity distribution approaches to an Airy pattern. Assuming that the mirror response is linear and by using the SVD method, the matrix B could be inverted. It links the measured phase and voltages applied to the bimorphic actuators. We can therefore determine the voltages to compensate the given wavefront deformation. In our experience, the closed-loop converged in a few iterations in several seconds.
Experimentally, a fitted higher-order-mode filtering after a calibration procedure is necessary for an optimized closed-loop performance. We first measured the residual rms phase distortion with respect to the mode number of the DM used for correction. As shown in Fig. 6(a) , as the mode number increases, the residual phase distortion decreases continuously from more than 0.2 rad until reaches its minimum value ͑0.03 rad͒ with 24 modes (eight modes filtered). We then configured the DM with different values of the mode number [ Fig. 6(b) ]. We see from this figure that the 24-mode correction configuration corresponds to voltages of approximately Ϯ50 V for these modes, while voltages applied to the outer ring actuators should be much higher when higher-order modes are activated. In fact, the noise is more important in higher-order modes because of their small eigenvalues. This result implies that an adequate higher-order-mode filtering allows the AO system to work not only with a higher dynamics, but also with a very stable convergence that is insensitive to noise perturbation.
Wavefront-Correction Results
As has been discussed previously, a minimum of 1 h delay must be respected before the temporal evolution of the phase stabilizes (zone 3 in Fig. 2 ). Dynamic wavefront correction is thus performed only after this time delay. We first measured both phase distortions and focal spots before performing a semiautomatic alignment to correct the residual thermal tilt. Such an alignment allows a very accurate beam centering and pointing on the DM so that its response matrix is always the same from shot to shot. Then we started the correction system convergence loop. With the loop, the degraded focal spot, initially formed of an enlarged dissymmetrical pattern surrounded by several side lobes, is transformed into a single spot that is almost diffraction limited. The Strehl ratio deduced from the measured residual phase is greater than 0.9. Under this condition, we performed a full-energy kilojoule shot. Figure 7 shows the measured focal spots using a low-energy 10 Hz pulsed probe beam before and after the use of the correction loop during a sequence of one shot per hour. As can be seen from Fig.  8(a) , the focal-spot quality during the fifth shot has been considerably improved, compared with the case of no wavefront correction. The encircled energy of the focal spot is similar to that of the corresponding Airy spot [ Fig. 8(b) ]. The Strehl ratio deduced from the measured focal spot is thus increased from 0.2 [without loop, Fig. 8(a) , left] to more than 0.7 [with loop, Fig. 8(a) , right]. We think that the difference between 0.9 (probe beam) and 0.7 (full-energy kilojoule beam) comes essentially from pump-shot induced aberrations. By use of the AO system in which the operation has been optimized, the LULI2000 laser system is therefore capable of firing full-energy kilojoule shots every hour while maintaining excellent shot-to-shot focal spot on target.
Conclusion and Prospects
In this paper, we have demonstrated efficient wavefront correction in the amplification section of the LULI2000 laser system. The aberrations and their origins, either static or induced by the thermal stress, have been identified. An optimized procedure for their minimization while firing the laser in sequence has been implemented. We have shown that by use of an AO setup associated with an elaborate alignment system, all the low-order Zernike aberrations can be effectively corrected. As a consequence, reproducible focal spots close to the diffraction limit for full-energy kilojoule shots fired at a repetition rate of one shot per hour have already been achieved. The focal intensity can therefore reach 2.5 ϫ 10 18 W͞cm 2 in the kilojoule per nanosecond range. Similarly, with such a performance, intensities as high as 10 21 W͞cm 2 can be foreseen in the near future using the laser chain in the CPA mode, i.e., in subpicosecond petawatt regime.
Future investigations include, in addition to the present work, studying more efficient pumping and cooling systems and using hybrid systems, e.g., those composed of a DM and a liquid-crystal spatial light modulator, as wavefront correctors. Regarding the CPA operation regime, efforts should be devoted to reduce wavefront distortions induced by the pulse compressor in the petawatt chain. 
